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1 Introduction

Flavor physics provides powerful probes for new physics (NP) beyond the Standard Model
(SM). At present, some of flavor measurements show tensions with their SM predictions.
In this paper, we investigate a tension in the anomalous magnetic moment of muon a, =
(g9u — 2)/2, so-called the muon g — 2, and that in the first-row unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. They hint at NP that couples to muon.

The muon g — 2 exhibits a long-standing difference between the experimental mea-
surement and the theory prediction in the SM. The latest value of the SM prediction
is [1]

Aay =aS® — aiM = (27.9£7.6) x 10717, (1.1)

which corresponds to 3.7 ¢ discrepancy. Here the experimental value is taken to be ay, ¥ =

(11659208.9 & 5.4 + 3.3) x 10719 which is calculated from the result of the E821 exper-
iment [5-7] with the latest value of the muon-to-proton magnetic ratio in the CODATA
2018 [8].? This discrepancy implies the potential existence of NP coupled to muon.?

The recent studies on the CKM matrix elements, V4 and V., also show a tension

with the CKM unitariry. The most precise determination of |V,4| comes at present from

LA recent lattice study on the leading-order hadronic vacuum-polarization contribution shows no tension
in the muon g—2 [2]. The result is inconsistent by > 3¢ with those based on dispersive analyses for ete™ —
hadron data [3, 4].

“Database developed by J. Baker, M. Douma and S. Kotochigova, http://physics.nist.gov/constants.

3The electron g — 2 with a precision measurement of the fine structure constant using caesium atoms
also shows a discrepancy: Aae = (—0.88 +0.36) x 1072 [9]. We do not consider it in the current study.
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the superallowed 0T — 01 nuclear 8 decays [10-12]. The extraction, however, suffers
from theoretical uncertainty in the transition-independent part of hadronic contributions
to electroweak (EW) radiative corrections [13]. Recent studies of them lead to

0.97370 4+ 0.00014 (SGPR) [14],
[Vaual =  0.97389 & 0.00018  (CMS) [15], (1.2)
0.97365 4 0.00015 (SFGJ) [16],

which are consistent with each other. On the other hand, |V,s/Vi4| and |V,s| are ex-
tracted from the leptonic-decay ratio K,2/m,2 and the semileptonic decays Ky (¢ = e, p1),
respectively [17, 18]:

Vs
ud

= 0.23129 + 0.00045, |V, = 0.22326 + 0.00058. (1.3)

The measured values of |Vi4|, |Vus/Vua| and |Vis| violate the first-row CKM uni-
tariry [19, 20]. Defining the amount of the violation as |Vyg|? + |Vus|? + [Vas|? = 1+ Ackm
with |Vi,s| = 0.003683 [21, 22], we have

—0.00118 £0.00034, (SGPR, K,2/m,2),
—0.00205 + 0.00038, (SGPR, Ky3),
—0.00079 £ 0.00040, (CMS, K,2/7.2),
Ackm = (14)
—0.00168 + 0.00044, (CMS, Kys),
—0.00128 £ 0.00036, (SFGJ, K,u2/m.),
—0.00215 £ 0.00039, (SFGJ, Ks),

which are away from zero at the 3.50, 5.4, 2.00, 3.8, 3.6 0 and 5.5 ¢ level, respectively.*
This violation may suggest a NP contribution to the W-pu-v interaction [19, 23, 24].

Both of the above tensions imply NP that couples to muon. The effective field theory
analysis tells us its energy scale. The effective Lagrangian for the muon g — 2, Leg =
(1/A%)(bo™ uR)pA, + h.c., where ¢ is the SM Higgs doublet, implies the NP scale A ~
300 TeV to accommodate the tension in eq. (1.1). On the other hand, the NP contributions
to the W-p-v interaction is described by Leg = (1/ A%(gzﬁ%ﬁﬁcb)(@y“a“ﬂ), where o are the
Pauli matrices. The CKM tension in eq. (1.4) implies A < 10 TeV, which is one order of
magnitude lower than the scale for the muon g—2. Namely, we expect that NP contributions
to the CKM measurements are much larger than those to the muon g — 2.

In this paper, we study extra lepton models as a candidate to solve the scale hierarchy
in the NP contributions to the muon g — 2 and the CKM measurements. The extra leptons
can contribute to the latter at the tree level [25, 26], while effects on the former arise first at
the one-loop level [26-37]. This explains naturally the hierarchy in the NP contributions.

41t is also noticed that the value of |Vus| calculated by combining |Vis/Vua| from Ko/mue with |Vl
from the nuclear 8 decays is in tension with that from K3 [17].
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Table 1. List of particles in the model. The quantum numbers represent (SU(2)r)u(1)y -

We investigate correlations between them under constraints from EW precision observables
(EWPO) and the Higgs boson decay into a muon pair.”

This paper is organized as follows. In section 2 we present our extra lepton model and
its matching to the SM effective field theory (SMEFT). In sections 3 and 4 we explain
constraints from the EWPO and the Higgs boson decay, respectively. In sections 5 and 6
we discuss extra lepton contributions to the CKM measurements and the muon g — 2,
respectively. In section 7 we present our numerical analysis. Finally our conclusions are
drawn in section 8.

2 Extra lepton model

We introduce extra leptons which couple to the muons and have vectorlike masses.® The
particle contents are summarized in table 1.7 Here, £ = (v, uz)? is the SM SU(2), doublet
lepton in the second generation, and pp is the right-handed muon singlet. The Higgs
doublet ¢ obtains a vacuum expectation value after the electroweak symmetry breaking
(EWSB) as ¢ = [0, (v + h)/\/?]T, where the Nambu-Goldston bosons are ignored. The
SU(2) 1, multiplets of the extra leptons are explicitly shown as

Ap = (ANLADT, Az =(Ay,A;7)7, (2.1)
f Y04y yx0—y) 17
Z = (oo sy = | P TR ) | (2:2)

In each field, the superscript 0, —, —— denotes the electric charge (). Besides, ) = 0 for vy,
and —1 for pz g and Ey, g. The gauge interactions are represented as

Lint = €QJEV”fA/~L
+ %W (T — Qs P+ (TR — Qs,)Pr) £ Z,

g ,_ < _ = _ = __
+ ﬁ(wﬂ% + ANVAT +V2ENWHES +V2E ST )W 4 hee, (2.3)

where A,, Z, and W, are the gauge bosons, and f represents a fermion in table 1 with
t=1L,1R,3L,3R and j = 1L, 1R in the last line. Here and hereafter, sy = sinfy and

SConstraints from the lepton-flavor-universarity violating ratios studied in refs. [23, 24] are weaker, and
not considered in this study.

SIf the extra leptons couple the electron or tau leptons simultaneously, lepton flavor violations are in-
duced.

"In addition, a gauge singlet N ~ 1o and an SU(2) 1 adjoint lepton ¥ ~ 3¢ are not included in the table
because they are likely to generate too large neutrino masses by the seesaw mechanisms [38—42].



cw = cos by with the Weinberg angle y,. The SU(2)y, charge T' f’ r is shown as®

(1 for Z?L, (1 for Z?R,
1/2 for VL,A(I)L,AgL, 1/2 for A?R,AgR,
T2 =40 for Er,%7,, TH =20 for pir, Er, X1 p, (2.4)
—1/2 for pr, A1, A5, —1/2 for Al Ay,
-1 for X7, -1 for X5

In general, the Yukawa interactions and vectorlike mass terms are given by

—Lint = Yu Lopr
+ A5 ERoT 0+ Aa, Ardpr + Aay Aspopr + As, Sipé ol
+ Aea, ELoTAtg + A5 A1L¢ER
+ Aga; ELoTAsp + Aay e AsL0ER
+Asia; D960 Ak + Ay s, Ao oS,
+ Az, a8, D100 Asg + Aags, AsLodSig
+ Mg ELER + Ma, AL A1 + Ma, A3 Asg + My, 3§, 5k + hec., (2.5)

where o® are the Pauli matrices and g?) = io?¢*. Here and hereafter, all the coupling
constants are supposed to be real. Besides, the Yukawa couplings Ag, Aa,, Aa,, and Ay,
as well as the vectorlike masses M; are chosen to be positive by rotating fields without loss
of generality.
After the EWSB, the mass term of the singly-charged leptons is obtained as
in ]
Er

—Lm = | Er A7, A3 Z;L] M_ |AT,| +hee, (2.6)
Azp

Y

where the mass matrix M_ is given in terms of the Yukawa matrix Y_ as

M_=Ly 4 diag(O,ME,MAl,MA3,M21), (2.7)
V2
B 0 0 Ay |
0 0 IAga, Aga, O
Y_ = | Aa, AaE 0 0 =Aam, |- (2.8)
Aas Aase 0 0 Aagy
L 0 0 _)‘Z1A1 /\ElAB 0 i

The matrix M_ is diagonalized by a biunitary transformation:

U TM_UE = diag(m;-). (2.9)

8Tt is noticed that the representation of ¥, in eq. (2.2) is not an eigenstate of the SU(2) . generator 1.
This is introduced to represent the Yukawa interactions in eq. (2.5).



Similarly, the mass terms of the neutral and doubly-charged leptons are written as

vy __
_ _ _ A

L = [ A9 50, | Mo | A% |+ A5 S| Mo |03 | 4, (2.10)

EO 2IR

1R
0 0 vAy,
MA., UVAA.:

o m o 3 3% 2.11
Mo 0 Ma, vAay, |, M [’U)\EIAS Ms, (2.11)

0 ”)\Z1A1 Mgl

Note that the mass matrix Mg does not contribute to neutrino masses, i.e., avoiding too
heavy neutrinos. These mass matrices are diagonalized as

UY MUY, = diag(myo), U, "TM__Up~ = diag(m;—-). (2.12)

After decoupling the extra leptons, whose masses are typically given by the vectorlike
mass M;, they contribute to low-energy observables through higher dimensional operators
in the SMEFT. They are represented as

Las=3C,0;, (2.13)

J

where the dimension-six operators relevant for the current study are

Ous = (616) (Epr). (2.14)
0% = (¢1iD)(Er0), (2.15)
0% — (¢iD2g) ("0 0), (2.16)
Ope = ¢Ti5u¢)(ﬂR7MNR)~ (2.17)

Note that ¢ denotes the lepton doublet in the second generation. Here, the derivatives

mean
<~ x4
6'Dud = 6" (Do) — (Due)'é,  ¢'Djio = 70" (D) — (Dyo) 0. (2.18)
The Wilson coefficients are obtained as [25, 43]
2 2 2
Cep = Yy Np Ay Aay | A
2Mp - 2MRX 2MR,  2M3
ABABAAA ABAEAZAA;  AniAmiaAa, . A A A5 AA, (2.19)
MgMa, MgMa, Ms;, Ma, Ms, Ma,
Y 32
s M (2.20)
¢ AMZ  AMZ,
2 22
3) A 5y
- + : (2.21)
9t AMZ ~ AMZ,
A2 A2
Cope A1 = (2.22)

T oMZ, 2M3)



at the tree level. These coefficients are matched at the vectorlike mass scale. In the
following analysis, we ignore renormaszliation group corrections below this scale for sim-
plicity, which are induced by the SU(2); and U(1l)y gauge interactions as well as the
Yukawa couplings.

We define dimensionless coefficients as

Ci =% C;. (2.23)

After the EWSB, the above operators modify the interactions of the Higgs, W and Z
bosons from the SM predictions and affect low-energy observables. We will explain them

in the following sections.

3 Electroweak precision observables

The Wilson coefficients 6’6¢, 6;? and 6(;?2) are constrained strongly by the measurements
of the EWPO, i.e., the Z and W boson observables (see refs. [44, 45] for flavor-dependent
studies). The EWPO can be calculated with the SM input parameters: the Fermi constant
Gp, the fine structure constant «, the strong coupling constant as(M%), the hadronic
contribution Aa}(lz)d(M 2) to the renormalization-group running of «, the Z-boson mass My,
the Higgs-boson masss my, the top-quark pole mass m;, and other SM fermion masses.
The measured values of the input parameters and the EWPO considered in this study are
summarized in table 2. In our numerical analysis, the parameters Gp, a and the light
fermion masses are fixed to be constants [47].

The operator (’)g? alters the charged-current interactions of muon after the EWSB.
Therefore the measured value of the Fermi constant G from the muon decay involves a

contribution from (’)((;z) :
1

1 ~
®3)

where 0¢, = C s¢ - The modification of G affects the W-boson mass as

Gr

82
mw = (mw)sm [1 — 2(0124/11/812/‘,)5017] . (3.2)

Here and hereafter, a quantity with the subscript “SM” denotes the corresponding SM
prediction calculated with the measured values of the input parameters Gr, a, Mz, etc.
The W-boson partial widths, which receive the corrections to My, and those to the charged-
current couplings, are given by

1+ c? ~
TW* — pty,) =TWT = utv,)su [1 — 227%2 Sap + 20;?} , (3.3)
(¢l — sw)
L v 1+ gy
LW™ —ij) =T(W" =ij)sm |1 — =55~ dcar| (3.4)
2(cy — siw)

where ij represents other final states including et v, 777, du and 3c.

9The value of as(M%) is a lattice average calculated by the Flavour Lattice Averaging Group
(FLAG) [46]. Also, the data of m; is found in the review section on “Electroweak Model and Constraints
on New Physics” of ref. [47].



Measurement Ref. Measurement Ref.
as(M3) 0.118240.0008  [46] | My [GeV] 91.1876 +0.0021  [48]
Aol (M2) 0.027609 +0.000112  [4] | Tz [GeV]  2.4955 + 0.0023
my [GeV] 172.74 + 0.46 [47) | o0 [nb]  41.4807 4 0.0325
my, [GeV] 125.10 £ 0.14 [47] RY 20.8038 =+ 0.0497
My, [GeV] 80.379 £ 0.012 [47] R 20.7842 =+ 0.0335
Ty [GeV] 2.085 + 0.042 [47] R? 20.7644 + 0.0448
B(W —ev)  0.1071£0.0016  [49] A% 0.0145 4 0.0025
B(W — uv)  0.1063 +0.0015 AGE 0.0169 =+ 0.0013
B(W —7v)  0.1138 4 0.002 Adr 0.0188 + 0.0017
A, (SLD) 0.1516 + 0.0021  [50] RY 0.21629 + 0.00066  [50]
A, (SLD) 0.142 £ 0.015 R? 0.1721 £ 0.0030
A, (SLD) 0.136 +0.015 A% 0.0992 + 0.0016
A. (LEP) 0.1498 £0.0049  [50] A% 0.0707 4 0.0035
A, (LEP) 0.1439 =+ 0.0043 Ay 0.923 + 0.020
A, 0.670 + 0.027

Table 2. Experimental measurement of the SM input parameters and EWPO.

The operator Og?

and muon neutrino. In addition, the operators (’)((;2 and Oy, modify the neutral-current

also affects the neutral-current interactions of left-handed muon

interactions. Taking account of the NP contribution in Gr, the Z-boson couplings to the
SM fermions f are modified as

Ly = % A (TF = Qs + 891) P + (TR — Qs + 0gR) Pr| f 24 (35)
where the corrections dg7, and dgp are given by
1 s2 1~ ~
-5 [TE’ T } Scr — 5 Of) + TP T for [ =vrpr,
Sgr, = WS 3.6
gL - 1 QSQ ( ° )
-3 [Tf’ + 2 _V‘;%V} e otherwise,
Qs? 1 4
*227‘4/2 dap — 3 Cye for f=pg,
. (e — siy)
—% oG, otherwise.
2(cyy — siy)

The Z-boson observables in table 2 are written in terms of the effective Z f f couplings as
shown, e.g., in ref. [51].



We perform a Bayesian fit of the Yukawa couplings Aa,, Aa; and Ay, to the exper-
imental data of the EWPO, taking their correlations into account [48-50]. The Z-pole
data at the LEP experiments have been updated recently in ref. [48], based on a sophis-
ticated calculation of the Bhabha cross section, including beam-induced effects [52], for
the measurement of the integrated luminosity. The fit is carried out with the HEPfit
package [53], which is based on the Markov Chain Monte Carlo provided by the Bayesian
Analysis Toolkit (BAT) [54]. The SM contributions to My, and the Z-boson observables are
calculated with the full two-loop EW corrections using the approximate formulae presented
in refs. [55-57], while the W-boson widths are calculated at one-loop level [58, 59].

4 Higgs decay

The Higgs interactions are affected by the extra leptons through the SMEFT operators.
The muon Yukawa interaction is affected by Oy as

cYukawa = _yuZQZ)MR + Ced)(quQb) (&buR)a (4'1)

and thus, we obtain
m 1~ 1 1 ~
Y = V2= + 2 Cep, = (yu)sm 1= 5 06, | + 5 Ceos (4.2)
v 2 2 2
after the EWSB. Then, the Yukawa interaction is rewritten as
c T L ) {1 Ls ! é]h 4 (4.3)
Yukawa = —MuLUR — —7= SM |1 — 350G — 77— LHR + " .
u a Ml’L lu’ \/5 yM 2 F (yu)SM €¢ lu’ /’L
where 2h or 3h interactions are omitted. Consequently, the signal strength of the Higgs
decay rate into muon pair is modified from the SM prediction as

1~

L'(h = pp) &
(y,u)SM °0

s
L'(h = pp)sm

1
- ‘1 — 5065 (4.4)

Experimentally, only the upper limits are set at 95% CL as p* < 2.1 by ATLAS [60] and
< 2.9 by CMS [61].1°

5 CKM unitarity

In the current setup, although the unitarity of the CKM matrix is maintained, the extra
leptons can affect extractions of the CKM elements from experimental data. In determining
|Via| from the superallowed 07 — 0T nuclear 3 decays, its transition rate is influenced by
the extra leptons. For example, the decay rate of a 8 decay, u — de™ v is represented as

1 ~(3)\ —2
Dy o — [Vual’ = 263 [Vaal® (14 CF)) (5.1)

1%To be exact, the upper limits are imposed on o (pp — h) x B(h — uu)/o(pp — h)sm x B(h — up)sm.
However, corrections of the extra leptons to the production cross section and the total decay rate of the
Higgs boson are smaller by dg,. than the SM values, and thus, can be ignored safely.



via dg,, where we used eq. (3.1) in the last equality. Thus, by taking the EW radiative
corrections into account, the superallowed ( decays satisfy the relation, (cf. ref. [12])

K
2FtGL(1+ AY)

(097370 0.00014)° (SGPR),

= (1 + 5;?) x { (0.97389 = 0.00018)2  (CMS), (5.2)
(0.97365 + 0.00015)%  (SFGJ),

Vaal? = (1+ 5*5;))2

where K = 8120.2776(9) x 10710 GeV~%s and Ft = 3072.07(63)s.!' Also, the EW radiative
corrections are given as

0.02467 & 0.00022 (SGPR) [14],
A}, = {0.02426 +0.00032  (CMS) [15], (5.3)
0.02477 4 0.00024 (SFGJ) [16].

The CKM element |V,s| is determined by measuring the K meson decays. A ratio
|Vius/Vual is extracted from a ratio of the leptonic decay rates of the K and 7 mesons [18]:
F(KMQ(’Y)) ﬁ Myt (1 - mi/miﬂ:)Q

B 1—6) = (0.23129 £ 0.00045)%. (5.4
T (Tua0y) 3 mge(1— m%/m%i)Q( ) = ( ) (5.4)

V 2
Vud

Here, fx/f= is aratio of the K and 7 meson decay constants in the isospin limit, where the
lattice results with Ny = 241+ 1 are adopted. The term ¢ takes account of EW radiative
corrections and isospin-breaking effects. It is noticed that eq. (5.4) is independent of the

extra lepton contributions because the decay rates depend on C*g’;) as [23]

1 ~(3)) 2
F(KH2(’Y)’7TN2(’Y)) X ; ’Vus,ud|2 (1 + O(;}) = QG% |Vus,ud‘27 (55)

where eq. (3.1) is employed.
The semileptonic K meson decay rates are also used to determine |V,s|. Their depen-

dence on éﬁ) are found as [23, 24]

1 ey —2

D(Key) o~ Vi = 2G5 |V (1 + Cf;)) : (5.6)
1 ~(3)) 2

P(Kus) o< — [Vasl? (14 €5 ) = 263 V. (5.7)

Hence, |V,s| satisfies the relation,

Kug’

Vasl = V= (14 C5) s Vsl = V™) (5.8)

where ]Vu§e3’K“ ?| are obtained by ignoring the extra lepton contributions, i.e., evaluated in
the SM. They are estimated as

|V es| = 0.22320 £ 0.00062,  |Viis"®| = 0.22345 + 0.00068, (5.9)

"There may be additional nuclear corrections to Ft, which can introduce extra uncertainties [62, 63].



where the input values are summarized in refs. [17, 64].
f+(0) = 0.9698(18) is obtained by lattice calculations with Ny =2+ 1+ 1 [65, 66].2
The above CKM elements satisfy the first-row CKM unitarity,

In particular, the form factor

Vil + [Vius |2 + [V |2 = (5.10)
which gives a constraint on 652) as
59+1.8) x 107*  (SGPR, K,2/m.2),
10.4 £2.0) x 107* (SGPR, K.3),
10.4+£2.2) x 107*  (SGPR, K,3),
39+£21)x 1074 (CMS, Kua/mu2),
(5.11)

8.4+2.5)x 1074
6.441.8) x 1074
10.9+2.0) x 1074

(
(
(
(
O = {(8.5+23) x 107
(
(
(
(10.94+2.2) x 1074

\

CMS, K,3),
SFGJ, K2/mu2),

(
(
(
(
(CMS, Kes),
(
(
(SFGJ, Kg3),
(

where V5| = 0.003683(75) is used [21, 22].

In similar to the nuclear 5 decays, the decays of the m meson or the 7 lepton are
sensitive to the deviations of the W boson interactions from the SM predictions. In the
current setup, the extra leptons couple only to the muons, and thus, violate the LFU
between m — puv and ™ — ev or between 7 — uvv and T — evv. Although these decay
modes give constraints on 6(5;;;), the experimental uncertainties [47, 67-70] are still large,
and the constraints are weaker.

6 Muong—2

The muon g — 2 receives corrections from the extra leptons which couple to the muons. In
the mass eigenstate basis, the Higgs and gauge interactions are represented as

1 Hz Zij
£int —E ]@ZJLﬂﬁR]h—{—fg 1!1 ’}/MPLRdJ Z
g 0 g
+\ﬁgLRJ¢ VP R} W+—|—\ﬁgLRJw TP W +hee, (6.1)
where the couplings are given by
gHij = Z(UET)U‘(Y )fg(U )gga (6.2)
fg
Zij
ngj-‘c = Z(UL R)zf(TL r—swQ) (U LR)fis (6.3)
f

2In ref. [17], the systematic uncertainty in the FNAL/MILC 18 result is taken to be 0.0011, but it
has been updated to 0.0012 in the published version of the FNAL/MILC paper [66].
uncertainty in f4(0) changes from 0.0017 to 0.0018.

Accordingly, the

~10 -
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Figure 1. One-loop diagrams that contribute to the muon g — 2, where f—, f* and f~~ are extra
leptons, and the photon attaches to charged particles.

Wlij 01 — 1 for f=1{ AL, Arg,
PSS ) 6.4
L,R Zf:( BEVECINONE {ﬁ for f =%11,%1kR, o

W2ij ——t _ 1 for f= Az, Asg,
9L.r" = § :(ULR )Zf(UL,R)f‘ X {
f ! \/i fOI“fZElL,ElR.

Here, the fields indexed by i, j are in the mass eigenstate basis, and f, ¢ in g% represent
w, B, Ai3, and ¥ in the model basis. Also, f in g% represent all the fields in table 1.

Those in ngij run over the fields which include the charge-neutral component, ¢, A1z 1r

(6.5)

and Xi. Similarly, f in ngij is effective for Asr 3r and ¥; and vanishing for the others.
As shown in figure 1, the loop diagrams for the muon g — 2 are provided by exchang-
ing the Higgs boson and singly-charged fermions for aH the Z boson and singly-charged
L 1, and the W boson
with doubly—charged fermions for a"”. The formulae for those contributions are found in

“w
ref. [29] for the W and Z loop diagrams, while the reference [26] is used for the Higgs one.

fermions for a , the W boson and neutrally-charged fermlons for a

The results of the extra lepton contributions are summarized as

aEL = af + af + aZVl + a}fﬂ, (6.6)
where
H mi Hf~1\2 H1f~\2 Hf~1 Hif~ "Mf-
U =353 > [(9 )"+ ) }FFFS(xf*h)"i‘g g Grrs(zy-1) |,
TH e
(6.7)
7z m.Gr Zf-1 Zf-1 21,21
W= o | [ R Ferv(e ) +af o Grrv (7).
[y u
(6.8)
m2G
alvlvl _E (6.9)
4272
1r0 1r0 1£0 1,04 M 0
X Z H H S R 1)2} Fyve(zow)+gy Ty T mf GVVF<1'f0W):|a
OV :

2 m2G 9 2
aE/ :4\”@;;“@? f 1)2+(g}’%" f 1)2} {QFFFV(xqu_FWF(xf”W)}

2 p—— 2 m
g T g - {2Grrv(zp—w)— GVVF(fvf——W)}] (6.10)
my
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with z;; = m?/ m]2 Here, the unitary matrices U; in eqgs. (6.2)—(6.5) are defined such that
the mass eigenstates are ordered from lightest to heaviest, and thus, “1” in the indices
of the coupling constants in eqs. (6.7)—(6.10) means the muon-like fermion in the mass
eigenstate basis. The loop functions are defined as [29]

Frpg(x) = M[m3—63}2+3x+2+6x1nx], (6.11)
Grrs(x) = (x—ll)?’ [2° — 42 + 3+ 2Inz], (6.12)
Frpv(z) = 6(a;1—1)4 [—52 + 142° — 392% + 38z — 8 + 182” Inz], (6.13)
Grrv(z) = (1;_11)3 [w3 + 3z —4 — 6zInz], (6.14)
Fyvr(z) = 6(3611)4 [42* — 492° + 782% — 432 + 10 + 182° In 2], (6.15)
Gyvr(z) = woIp [—2% + 122 — 152 + 4 — 62% Inz]. (6.16)

All of the extra lepton contributions, eqgs. (6.7)—(6.10), can be enhanced by A;/y, where
Ai = AEA;, AEA3, Ax,A,, and Az, A, In fact, any contribution to the muon g —2 involves a
chirality flippling on the fermion line, and it is provided by these Yukawa couplings rather
than the muon one. Consequently, Aa,, is approximated as

2
EL _ Z v AiAij A
au == -~ 51’]’ M, y (617)

for Mp ~ Ma, ~ Ma, ~ My, > v. The coefficients are estimated as d;; ~ —2 X 1076,
—1x 1075 -2 x 107% and 2 x 1079 for (4,5) = (E, A1), (E, A3), (X1,A1), and (21, A3).
It is noticed that the sign of each contribution is determined by A;;. Besides, the Yukawa
couplings A, g, AasE, AA, %, AAyy, do not affect the muon g — 2 significantly.

The contributions that are not chirally enhanced are safely negligible in the limit of
M; > v. In particular, we do not include extra contributions from the SM loop diagrams,
ie, f7,f% # 1 in egs. (6.7)-(6.10). The SM Higgs, Z and W coupling constants are
modified by the extra leptons via the unitary matrices U;. Such deviations induce extra
contributions by exchanging the SM particles in the loop diagrams. However, they are not
chirally enhanced, and thus, ignored in the analysis.

7 Result
First of all, let us study the CKM unitarity in the extra lepton models. As we explained in
section 5, |V,4| determined by the nuclear 8 decays and |V,s| by K.3 are affected by ng),

i.e., by E and ¥; among the extra leptons. The result is shown in figure 2, where éfg) is

plotted as functions of the Yukawa couplings A;. Here, the vectorlike masses are set to be
M; = 2TeV. The green band shows the 1o region of ng) favored by the CKM unitarity,
where the SFGJ result is adopted for |V,4| and the decay rates of K2, 7,2 are used for
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Figure 2. 6’;‘2) in the extra lepton models with the vectorlike masses M; = 2TeV. In the green

band, éjj? favored by the CKM unitarity is explained at the 1o level, where the SFGJ value and
the decay rates of K2, m,2 are used.

|Vius|- It is found that only ¥; can relax the tension in the CKM unitarity. Depending on
the evaluations of A}, and |Vj|, the CKM unitarity favors the regions,

0.40 4 0.06 (SGPR, K,a/mu2),
0.52+0.05 (SGPR, K.3),
0.52739%  (SGPR, K3),
0.327098  (CMS, Kuo/mue),
Az, =€ 0477008 (CMS, K.s), (7.1)
047008 (CMS, K,3),
0.4140.06 (SFGJ, Ko/mu2),
0.54 £0.05 (SFGJ, K.3),
(0.5410:0%  (SFGJ, K,3),

at the 1o level. This result is scaled by a ratio Ay, /My, for My, # 2TeV because é(fj? is

proportional to the ratio squared. On the other hand, since the extra lepton E decreases
6’(53), its contribution is favored to be decoupled by suppressing Ag or assuming Mg > v.
In the following analysis, we assume Ag = 0.

Next, let us consider the tension in the muon g — 2. According to eq. (6.17), the
contributions of 3; can be chirally enhanced if it is accompanied by A; or Ag. Once A,
or Aa, is turned on, EWPO is also affected via Cy, in similar to Ay, through C’&’S). In
figure 3, the muon g—2 and EWPO as well as the CKM elements are evaluated as functions
of the Yukawa couplings; in the top (bottom) plots, Ay, and Aa, (Aa,) are turned on, while
Aa; = 0 (Aa, = 0) is assumed. Here, all the vectorlike masses are set to be M; = 2TeV.

In the left (right) plots, [As; A, ;| = 1 (2) is chosen, and its sign is determined such that the
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Figure 3. The CKM elements (green), a, (orange, yellow), EWPO (blue) and pu#* are evaluated
as functions of Ay, and Aa, ,. The other Yukawa couplings which are not shown explicitly in each
plot are set to be zero. For each observable, the current result is explained at the 1o (20) level in
the thick (thin) colored region, while the upper limit from the Higgs signal strenght p** is drawn

by the black dashed line, where the left side is allowed at 95% CL by ATLAS. Here, the SFGJ
value and the decay rates of K2, 7, are used to obtain the CKM regions.
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Figure 4. Signal strength of h — pu as a function of the Yukawa coupling A\;. Here, \; = A, = Aa,
with Aa, = 0 (left) and A\; = Ag, = Aa, with Aa, = 0 (right). Also, [Ag, A, ;| =2 and M; = 2TeV.
The blue region is allowed at 95% level by a search for h — up at ATLAS. The discrepancy in the
muon g — 2 is explained at the 1o (20) level by the Yukawa couplings in the orange (yellow) region.

extra lepton contribution to the muon g—2 becomes positive. Also, since all the observables
are insensitive to Aa, ;x,, it is set to be zero here and hereaftrer. For each observable, the
current data is explained at the 1o (20) level in the thick (thin) colored region. Here, the
SFGJ value is adopted for |V,4| and the decay rates of K2, 7,2 are used for |V|.

It is found that both of the tensions in the CKM unitarity and the muon g — 2 can be
solved under the constraint from EWPO for |Asa, 5| = O(1) at M; = 2TeV. Since the
extra lepton contributions to the CKM elements and EWPO are proportional to powers of
Ai/M;, the corresponding parameter regions are simply scaled from figure 3 as M; is varied.
On the other hand, since those to the muon g—2 are scaled by As; Aa, 5, /Ms, Ma, 3 XAs, Ay 5,
the parameter region favored by the muon g — 2 depends on Ag;a, 5 in the figure.

The correction to the muon Yukawa interaction (4.2) is magnified if the extra lepton
contribution to the muon g — 2 is enhanced. It is required to be as large as the SM
value in the parameter region where the muon g — 2 is explained. Hence, tight parameter
tunings between y, and the extra lepton contribution are not necessary to achieve the
muon mass. However, such a contribution is limited by the Higgs decay rate into muon
pair. In figure 4, the signal strength of the Higgs decay rate u** is shown as a function of
the Yukawa coupling A; = Ap; = Aa, ;- In the left plot, Aa, is turned on with Ax, = 0,
and A; <> Az in the right plot. Here, [Ag;a, 5| = 2 and M; = 2TeV. The blue region is
allowed at 95% level by ATLAS. On the other hand, the discrepancy in the muon g — 2
is explained at the 1o (20) level by the Yukawa couplings in the orange (yellow) region.
It is found that almost a half of the muon g — 2 parameter region is already excluded
by h — pp.

The constraint from p#* is also shown in figure 3. The left region of the black dashed
line is allowed at 95% level. We conclude that both of the tensions in the CKM unitarity
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and the muon g — 2 can be solved simultaneously under the constraints from u** as well as
the EWPO. Note that since the correction to the Yukawa interaction (2.19) is dominated
by 6’6¢, its parameter dependence on \; and M; is the same as that of the chirally-enhanced
contribution to the muon g — 2 (6.17). Thus, the above conclusion is insensitive to the
choice of Ax A, ; and M;.

As seen from figure 4, the experimental uncertainty of u** as well as that of the muon
g — 2 is large. In particular, y** = 1, i.e., the SM value, is consistent with the current
discrepancy of the muon g—2. Thus, we cannot confirm /refute the extra lepton contribution
yet, and it is significant to reduce both uncertainties. In future, the HL-LHC experiment
may achieve Su*/u* = 9% at /s = 14 TeV with the integrated luminosity £ = 6ab~!,
and the uncertainty could be reduced by an order of magnitude compared to HL-LHC
at FCC-ee/eh/hh [71]. Also, the experimental uncertainty of the muon g — 2 is planned
to be reduced by a factor of 4 compared to the current value in the near future [72-75].
Therefore, we expect to check the extra lepton model by these measurements in future.

The extra leptons also contribute to the decay rate of the Higgs boson into two pho-
tons. The corrections are induced by ¢, and the extra lepton loops. They are estimated
to be O(0.1)% of the SM prediction, which is well within the current experimental un-
certainty [76, 77]. In future, the experimental precision may become du?7/u?’ = 3% at
HL-LHC with /s = 14TeV and £ = 6ab~!, and would be 0.6% at FCC-ee/eh/hh [71].
Thus, the extra lepton contribution to the two-photon channel could be probed in future.

In figure 3, the CKM elements are evaluated by adopting the SFGJ result and the decay
rates of K2 and m 2. If we use the CMS evaluation for AYZ, the parameter overlapping
with the EWPO region becomes better (see eq. (7.1) for a favored value of Ay, ). On the
other hand, larger Ay, is favored by Vs determined by K;3. The CKM region becomes
consistent with the EWPO constraint at the 20 level if the CMS evaluation is adopted,
while it is not the case for SFGJ or SGPR. In any case, the tension between V4 determined
by the nuclear 3 decays and V,; by the K meson decay is relaxed by the extra lepton 3;.'3

Before closing this section, let us comment on the direct searches for the extra leptons.
At collider experiments, they can be produced by exchanging the SM gauge bosons and de-
cay predominantly into the SM bosons W, Z, h and the muonic leptons y, v. Such particles
have signatures with multilepton final states. Although there are no experimental analy-
ses based on the full dataset of LHC Run-II, the model may be excluded if the vectorlike
masses are M; ~ 100 GeV (cf. the CMS analysis [78] for the tauonic extra lepton search
at /s = 13TeV, and refs. [79-83] based on the LHC result at /s = 8 TeV). Thus, the
setup with M; = 2TeV safely avoids the direct searches for the extra leptons at the LHC
experiments. On the other hand, since future proton-proton colliders such as HL-LHC or
higher energy colliders have potentials to probe those particles in multi-TeV scales [84],
the extra leptons which solve the tensions in the CKM unitarity and the muon g — 2 could
be discovered.'*

13 According to eq. (5.11), it is noticed that the discrepancy between Vs determined by Ko, 7.2 and
that by K3 cannot be solved in the current framework.
MTriplet lepton searches are also studied for future electron-positron and electron-proton colliders [85].
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8 Conclusions

Motivated by the tensions reported in the CKM unitarity and the muon g — 2, we studied
the models of extra leptons which couple to the muon and have vectorlike masses. It was
shown that the former tension is solved by introducing an SU(2)y, triplet ¥;. In addition,
the contribution to the muon g — 2 can be enhanced if it is accompanied by an SU(2)r,
doublet Ay or As. At the same time, the models are constrained by the EWPO and the
Higgs boson decays. We found that both of the tensions can be solved simultaneously
under these constraints. In particular, the Higgs decay rate into two muons is likely to be
modified from the SM prediction significantly, and thus, could be useful to test the model
at future experiments (see e.g., ref. [71]).

The above tensions are planned to be checked in future. Prospects for the test of the
CKM unitarity and the LFU violations are discussed in ref. [24]. Also, the experimental
value of the muon g — 2 will be updated in the near future [72-75]. Once the tensions
would be confirmed, the extra lepton models can provide one of the attractive scenarios.
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